Abstract The International Thermonuclear Experimental Reactor (ITER) feeder procurement is now well underway. The feeder design has been improved by the feeder teams at the ITER Organization (IO) and the Institute of Plasma Physics, Chinese Academy of Sciences (ASIPP) in the last 2 years along with analyses and qualification activities. The feeder design is being progressively finalized. In addition, the preparation of qualification and manufacturing are well scheduled at ASIPP. This paper mainly presents the design, the overview of manufacturing and the status of integration on the ITER magnet feeders.
Introduction
The ITER [1] superconducting magnet [2] is contained in a shielded cryostat, which also contains the plasma vessel. The magnets require supercritical helium, large electrical power and instrumentation for their operation, all of which have to be routed from the outside of the machine through the cryostat wall to the magnets via the feeders. The conceptual design of the feeder system originated in the ITER Final Design Review (FDR) in 2001 and the component design and functional requirements are being developed along with the ITER activities. The ITER Organization has teamed up an ASIPP team to develop a detailed engineering design and manufacturing trials in recent years. The feeder 3D model is being finalized based on the outcomes of electromagnetic, structural, thermal and hydraulic analyses, manufacturing studies of key components started under the Chinese Domestic Agency (CN-DA) and ASIPP organization. The ITER magnet feeders are procured under a single procurement arrangement (PA) with the CN-DA. The feeder design has recently been radically improved along with the project change request (PCRs) and the updated analysis. This paper reports the current progress of the design of feeder, the status of integration and manufacturing. According to Feeder PA [3] , feeder components will be manufactured by CN-DA and transported to France for on-site assembly in accord with the schedule of feeder DWS [4] . Feeder assembly is supposed to be integrated to the whole tokamak system installing sequence [5, 6] . The following section will present the status of feeder design that is quite developed to enter into the manufacturing phase, the integration information on global assembly and the progress in manufacturing qualification.
System requirement
All the ITER magnet feeders are located at the B2 and L3 level [7] of the tokamak built around the cryostat as Fig. 1 shows.
There are 26 magnet feeders out of the total 31 feeders as follows. Nine toroidal field coil (TF) feeders stay at the bottom area of the coil system along with three poloidal field coil (PF) feeders, three central solenoid and three correction coil (CC). One more group of the coil feeders are installed at the L3 level around: two CC feeders, three PF feeders, three CS feeders. The magnet feeders have to satisfy several operational requirements [8] , e.g. the coil's movements relative to the cryostat wall and building basement due both to cool down and coil displacements under electromagnetic loads. This results in up to 35 mm movement at the connecting point between feeder and coil; the feeders transfer the 50 GJ of stored magnetic energy into and out of the magnet system, which implies a number of safety requirements. Inside the cryostat, the busbar that carries currents up to 68 kA is affected by the background magnetic field of up to 4 T. The paired superconducting cable (so called busbar) must be properly arranged to reduce the rotational moment in the feeder supports, and the busbar clamps must also be designed to support repulsive forces and shear loads. Under magnet fault conditions, the ground insulation on the busbars and the insulating break in the coolant pipeline must withstand a voltage up to 30 kV. To prevent accidental arcing across the busbars and current leads, they are heavily insulated. Typically, a feeder includes a pair of superconducting busbars, a pair of current leads, several cryogenic fluid transport pipes, and high-and low-voltage instrumentation conduits containing multiple wires. The vacuum inside the feeders is shared with the technical vacuum of the main cryostat up to the vacuum barrier (VB) between the bio-shield and the coil terminal box (CTB); the latter have their own insulation vacuum system. The feeder system is divided into 3 separate sections, which are, from the coil terminal to outside of the cryostat, the in-cryostat feeder (ICF), the cryostat feed-through (CFT) and the CTB, as shown in Fig. 2 . The ICF follows a complex path as it approaches the coil terminal inside the busy cryostat. The CFT is the bottle-neck of the feeders as it penetrates the cryostat and bio-shield. Finally, the boxes at the outboard end of the feeders are characterized by their separate insulating vacuum, allowing access to all the main feeder components possibly requiring maintenance. Feeders are designed to penetrate up to 35 m complicated interface from room temperature conductors to the coils, and the structures and the superconducting cable (busbar) are required to take the big force up to 13 tons per meter as presented in Fig. 3 , which means the busbar clamps and the protection components need to have a heavy optimization design; typically the overall stress should not exceed the ITER magnet design criteria [9] . For each feeder, a global model [10] has been created and tested when all the predicted loads are added, including the seismic worst case.
As Fig. 4 shows, the maximum displacement takes place at the gimbal area due to the long feeder line without the supports bellow. However, the global stress is below the design criteria and more supports in the gimbal will make the result much worse. So the current model arose from a very difficult balance choice. The instrumentation and the safe rules are the requirements that need to be taken into account too. From the starting point of the room temperature conductors to the coil terminal, feeders have the dry box (DB) that contains the flexible conductor and HTS current lead room temperature end; the CTB that houses all the cryogenic control valves; the CFT penetrate several radiation protection walls like a bio-shield, the plasma blanket cooling water pipes chase, the cryostat and the cryostat thermal shield; the ICF route inside the cryostat to the busy area of coil terminal box. The following sections will present such system design as well as the key components inside.
Dry box (DB)
The dry box (DB) is located at the gallery-side end of the CTB as shown in Fig. 2 and the detail structure can be found in Fig. 5 . It contains the outboard termination of the feeder electrical system, which includes the room temperature terminations of the current leads and the connection to the power distribution busbars leading to the power supply system. The DB provides a safe and dry environment for the electrical high voltage connections of the feeders to the power supply system busbars, serving to prevent water condensation and eventual build-up of ice on the current lead terminals that could increase the risk of arcing. The current lead terminals need to be accessible for disconnection from the power supply busbars as part of routine machine maintenance. The dry box has no vacuum or cryogenic function, but it is a part of the CTB, which is delivered as one piece from China. In consideration of further requirement, currently, the fuse box has been moved out now for space limitation and spared the space for the heater that prevents the HTS current leads from getting frozen on the moist surface. The insulation components have been updated recently due to the requirement of 300 mm labyrinth distance away from the 30 kV components [3] , and the water cooling loop has a slight change to accommodate the cooling loop of the room temperature busbars to make the maintenance and the leak detection possible.
Coil terminal box (CTB)
The nuclear radiation levels, magnetic fields and general access restrictions to the cryostat make it undesirable to place remote control helium supply valves close to the coils. Components that may need maintenance during tokamak operation are therefore in the CTBs, which are relatively far away. The CTBs host the coldto-warm transitions via the current leads, and the cryogenic control valves that regulate and protect the liquid helium supply to the coils and feeder busbars. The high voltage (HV) feed through the instrumentation is located in instrumentation satellites, which consist of boxes appended to the side of the CTB and share the same technical vacuum. The pressure-relief valve rack (PRVR) is thus the CTBs annexe that houses the major interfaces to the cryogenic distribution, the quenchrecovery systems and the power and the control systems. The sizes of the CTB assemblies were homogenized among different feeders, as illustrated in Fig.  5 . The CTB contains S-shaped bends in the busbars and cryo-pipes. The S-bends accommodate differential thermal contraction between the cryogenic feeder components, such as the busbars and cryo-pipes, and the feeder components at room temperature (cryostat envelopes). The S-bends also accommodate the effects of coil-motion during cool-down and under operational forces as well as the possible effect of earthquakes on the busbars and cryo-lines. The CTB was anchored to the building floor by the new design of the feet that can take the shrinkage and the seismic force. The pipe-work inside has been rearranged to accommodate the pipes' thermal contraction; the size of the valves was reduced due to the new calculation; the cooling pipe stoppers were added to prevent the cooling pipes from moving too far away from valves' position; all the instrumentation elements, such as sensors and cables, have been laid down to the cable tray inside the CTB. The 3D model of the CTB set is now in the finalizing process.
Cryostat feed-through (CFT)
The CFT is a feeder subassembly that connects the CTB and the ICF, which traverses the ∼2 m thick concrete bio-shield. It is bounded by the in-cryostat joint on the coil side and the mid-joint at the CTB end.
The CFT includes the feeder vacuum barrier (see Fig. 6 ) separating the vacuum in the magnet cryostat and the vacuum in the CTB. CFT is the bottleneck in the feeders, passing through the bio-shield and crossing the cryostat wall. The cryo-pipes and busbars in CFT are enclosed in a containment duct, a thick-walled pipe to contain molten metal and provide a low resistance ground path in the event of an electrical arc between the busbars. The CFT also contains a thermal radiation shield between the cryogenic parts contained in its core and the outer room temperature surfaces. This shield relies on a design similar to that of the vacuum vessel and cryostat shields. It is made of stainless steel panels instead of aluminum for the manufacturing possibility concern. It is cooled with 80 K helium gas, and it forms part of the feeder thermal shield, which also includes thermal shields of the CTB. Two cold mass supports (CMSs) [11, 12] hold the 5-10 tons heavy CFT containment duct and thermal shield assemblies inside the cryostat extension duct. The main challenge for the design is to provide a strong mechanical support, while limiting the heat load to the 4.5 K level. Several optimizations have been made on the CMS design to increase the mechanical property and make the head load lower than 25 W to the 4.5 K levels. As Fig. 7 shows, the main supporting flanges are made of 316 LN, one flower-shaped thin insulation plate is placed between flanges, thermal links between 80 thermal shield and main supporting flanges are used to cool down the supporting cylinder to reduce the head load on the containment duct of the lower temperature area. The VB is one of the key designs for CFT to separate the feeder into two vacuum regions, which allows extending the secondary feeder vacuum ("guard vacuum") over CTB and SBB and simplifying access into the CTB as well. It cannot be placed deeper into the feeder as it would fall inside of the bio-shield where access is very restricted due to nuclear activation. The VB uses a double-neck structure to extend thermal routing between the RT and the 80 K components. By means of thermal intercepts on the feeder thermal shield, the barrier plate is at 80 K, see Fig. 6 . The welding multiwave bellows are designed to make the busbar and the cooling pipes movable when shrinkage happens in view of the system being cooled down. CFT design has been finished, and the process for model approval is on-going. It is on the way to study the manufacturing and produce the 2D drawings. 
In-cryostat feeder (ICF)
The ICF is a subassembly that connects a coil or structure to the end of a CFT located at the in-cryostat joint just within the cryostat as Fig. 2 shows. Like the CFT, it also includes a robust stainless steel outer containment that provides protection to the cryostat components from arcs between busbars. The containment duct also carries the feed and return helium lines and instrumentation cables. Unlike the CFT, however, the ICFs do not have an individual thermal shield or cryostat as these functions are provided by the main cryostat and its thermal shield. The ICF paths are also further complicated by numerous potential interferences with other components. In particular, the assembly of ICF components is generally complicated. Most ICFs are supported on the PF2 and PF5 coil clamps. It is difficult to get them supported due to the complicated support points working conduction which results thus in sensitive structure design with the margin limited. The ICF models except for the TF ICF have been approved, which is to be moved to the manufacturing stage of the feeder PA currently.
HTS current leads
The current leads (CL) are major components of the feeders and the CTBs in particular, as Fig. 5 described. ITER magnets require a total of 18 current leads for the TF coils, 12 for the CS coils, 12 for the PF coils and 18 for the CCs, with a total nominal operating current capacity of approximately 2.6 MA [13] . The CLs provide cold/warm transitions for the large currents fed to ITER coils from the power supply system. The original reference design was conventional leads cooled with 4.5 K supercritical helium (SHe). By using hybrid hightemperature superconductor (HTS) / copper leads, the heat load at the 4.5 K cold end of the leads can be reduced by a factor of five. At their room-temperature end, they are bolted to water-cooled busbars, and at their cold end they are connected to the superconducting busbars that are cooled with supercritical helium. The outer section of the current leads for ITER feeders consists of a conventional current lead section (covering the temperature range from 300 K to 65 K) and a superconducting section at the bottom (covering the 65 K to 4.5 K range). The heat exchanger is cooled with GHe entering at 50 K, which exits at the top of the current leads (CLs) via flow meters to return to the cryogenic system at 300 K. The HTS section is conduction-cooled from the cold end to 4.5 K. The main design challenges for ITER CLs are related to the unprecedented scale of current (68 kA), ramp-rate (20 kA/s) and voltage (30 kV). An important design driver is high-voltage insulation under Paschen minimum conditions, which may possibly occur in the coil CTBs. The CL penetrations into the CTB, which are points of potential failure, must be robustly insulated from the cryostat wall. Another part of the CLs where insulation is potentially at risk is the joint to the busbars, which will be assembled when the leads are installed in the CTB. Gaps in the insulation must be avoided at all CL interfaces. Following recent experiences of HTS current lead technology, the HTS current leads for the ITER magnet system have been developed on the basis of prototypes built and tested at ASIPP. Bi-2223 superconductor tapes were used with a gold-doped silver matrix. Most of the mock-up manufacturing and testing has been finished, and prototype manufacturing is well planned. When the key manufacturing issues are clarified after the prototype stages, actual production can be started after the manufacturing readiness review meeting, which is one of the feeder PA key hold points.
Busbar joint
A feeder contains joints typically at four places: (1) at the cold CL termination (CL-Busbar joint); (2) at the SBB-CFT interface (mid-joint); (3) at the cryostat interface (in-cryostat joint) and (4) at the coil terminal area (coil terminal joint). The total number of joints in the ITER magnet feeders is greater than 350. The details of a typical joint cross section are shown in Fig. 8 . IO has specified the use of the so-called twin-box joint type. This joint type is composed of two boxes, each enclosing the respective end of the to-be-joined busbar sections. This allows for leak-tight assembly of each busbar segment and its joint terminations. The two boxes forming a joint are clamped, soldered, welded in a tight-fitting stainless steel container, and insulated in situ. The helium pipes exited in each independent joint box are also connected in situ. The joints are one of the major heat load contributors to the feeder cryo-system. The joints shall be connected by soldering together the oxygen-free (OFE) Cu soles in intimate contact with the naked busbar, previously compacted. The possibility of including an OFE Cu shim to accommodate tolerances is designed. The insulation shall be such to withstand the maximum 30 kV to ground, which will be accomplished by wrapping the assembled joint with half overlapped layers of glass/polyimide prepregnant tapes. The sharp angles are then filled with the customary in situ machined G11 fillers housing the cooling piping so as to provide a smooth geometry to avoid resin-rich areas. The prototype manufacturing and testing performed by ASIPP are being planned to find a way to optimize the current joint design and the in situ assembly. Ten mm thick OFE copper shims that will be second-machined are used in the design to compensate for the assembly tolerance in dealing with the in situ installation.
Insulation
The feeder busbars use the same cable-in-conduit (CICC) cable design concept as the conductors for the ITER magnet systems. Direct cooling of the CICC gives the busbar a large stability margin against thermo-electric perturbations. The busbar's cable is wound from multiple stage sub-cables made with Cu and superconducting strands. The superconductor material is NbTi for the busbar strands. The insulation of the busbars consists of half-overlapped glass/polyimide layers. All busbars shall follow the same layout for simplicity driven by the maximum voltage in fault conditions of 30 kV as per PF and CS coils. The layout of the new insulation is shown in Fig. 9 . The glass tape will be half-overlap wrapped first on the stainless jacket, the very thin co-wound tape (0.1 mm) for the quench detection [14] will then be wrapped with long pitch, which will have no big effect on the global insulation shape. The main ground insulation is made of multi half-overlap pre-pregnant glass/polyimide wrapped tape between the glass tape and the ground screen. Above the ground insulation, ground screen and outer fiberglass are used to finish the insulation. For additional safety margins, the insulation thickness will increase. However, the stress analysis shows that the radial tension stress in the insulation in the elongated position of the S-bend would be doubled for double thickness (6 mm has been defined currently for the insulation thickness). The specified quality of the insulation with no more than 0.5% void content and absence of delamination, crazing, cracks or other visible defects will also drive the final choice. Over most of the feeder length the busbars are placed closely together to minimize torque induced by Lorentz forces.
Instrumentation and safety
A significant fraction of the ITER magnet instrumentation is actually needed to monitor the feeder performance. In addition, the feeders contain wiring to and from the coil instrumentation systems. In principal, the instrumentation equipment was divided into HV and LV groups. The sensors for the coil and busbars operation fall in the HVs and the sensors for the coil and feeder structures are placed in the LVs. Normally the temperature, displacement and pressure are the main parameters that need to be monitored. In addition to the concerns above, please note that safety rules must be followed when the structure design is performed. For example the water pipe chase barrier design is for avoiding leaks from the contaminated water cooling pipeworks [15] . A high pressure release device on top of CTB is designed for controlling the pressure level inside so as to guarantee no explosion accident. The PRVR located around CTBs is to protect the feeder system when coil quench takes place. The instrumentation has a robust design by placing more sensors.
Manufacturing
More than 600 K components need to be fabricated for all the 31 feeders within the PA with CN-DA. ASIPP is one of the major suppliers. Many of the R&D activities and qualification actions have been launched. Only the components that need to be qualified before the actual manufacture were selected for the manufacturing study and the test. The following is the main list of the current status.
As Fig. 10 shows, (1) the soldering study between high-temperature superconductor (HTS) and the heat exchanger that are located in the center segment of the HTS current lead [16] has been one of the areas of big progress for HTS current lead manufacturing. Global testing on the electric connection on this joint qualifies the soldering process and the quality control method. (2) Study on the manufacturing difficulty for the CTB box fabrication that makes unacceptable deformation has been carried out in one of the sub-suppliers of feeder system. The thick plate (40 mm) leak welding method with two welding lines in parallel cannot avoid the deformation arising from unknown reason. Further investigations are underway to find the reason and the solution. (3) Some methods were proposed and tested for busbar insulation, pre-pregnant taps are better environment-adapted in the zone of field-fit joint assembly, but most of the materials have no accepted radiation and temperature requirement (higher than 80
• C) from ITER Organization. Wet winding is another way to achieve the same goal, but it is not practical to do such insulation in situ due to impact on the environment. The qualification work has not yet been finished. (4) The insulation joint has been redesigned and fabricated by ASIPP for the off-site assembly study; one of the key difficulties is how to conduct the procedure to make the insulation transition from joint to normal busbar segments. Special minitooling is also required to make the joint in situ due to the space limitation in tokamak building. (5) Tooling is one of the important supplements to help making all the manufacturing or the assembly possible, such as the measurement examination platform, the busbar joint assembly. Only the tooling used in in-factory assembly is partly available now, more tooling for the transportation and the protection during in situ assembly are to be designed soon. Apart from what is outlined above, all the others feeder elements in need of qualification are listed in Table 1 . 
Integration

Assembly strategy
Assembly and interface are the two major aspects included in the feeder integration process. Typically the feeder components are large (∼12 m long) and heavy (∼30 t). In particular, the feeder components are fully instrumented and tested prior to delivery, and are supplied ready for installation into the cryostat and galleries after checking for the absence of shipping damage. The feeder installing sequence is embedded in the global ITER tokamak assembly plan [5, 6] , and the general assembly sequence of the feeders is from bottom to top, inside to outside. For those in-gallery components that need the longest transportation path inside the building come first. Some of the ICF assembly's rings need to be brought into the ITER tokamak pit before the installation of the magnet system; among these components are the PF4 feeder CFT, the bottom and side CC feeder rings and extensions. The TF feeder rings and the complete structure cooling ICFs need to be assembled piece-wise around the machine at an early stage for the above reasons. In addition, given the large number of instrumentation channels required and with some of the instrumentation wiring being at high voltage, the routing of the wires becomes a major issue for the feeder design. Typically, each feeder contains 7 ducts to guide and support the cables inside. All the wires from feeder sensors and the coils are collected by a so-called patch panel and tied together to several cables that have specific features for passing through the feeder line. The patch panels are located closed to the ICF joint and inside CTBs. The HV cables have to be installed in situ due to the unbroken design of coils, so the HV cable plugs are supposed to be installed too, which makes the instrumentation installing difficult. According to the current assembly strategy, only CFT LV cables can be installed prior to shipment to IO. Most of the instrumentation installing work was planned to be performed in situ. Sometimes, the containment needs to be reopened inside cryostat.
Interface
Interface is one of the major drivers of the feeder design. Finally the components are inter-connected and connected to various interfaces. The feeder interconnects are the in-cryostat-, mid-and busbar-to-CLjoints. The connections to coils are the coil-terminal joints. These joints are assembled in situ by specialized teams. A typical interface for magnet feeder to other systems is shown as Fig. 11 .
All the feeder elements designed to connect to coils are placed and supported inside the so-called transition box internal structures. The busbar joint will be assembled in situ and insulated; cooling pipes were designed to be welded and matched using the in situ bent pieces; the instrumentation cables will be collected in the area of the transition box and be tied together to the multi-wires cable, which will be routed back to the feeder lines [12] . The transition box was design to be bolted with the shims and welded to the coil terminal box to absorb the assembly tolerance and the reaction force transferred. Similar design is used to meet the interface requirement from each other. All the interface changes will be controlled by the PCRs (project change requests). The feeder interface design is on the finalizing stages with no PCRs influence for the moment. 
Tolerance control
Tolerance control is a key tooling to analyze the feeder integration. It includes the tolerance allocation, the tolerance analysis, the measurement and the measurement uncertainty. The feeder assembly tolerance allocation is mainly based on the allowance tolerance definition by the interfacing systems and the function of the feeders themselves.
For example, as Fig. 12 shows, tolerances in a vertical direction are different since the feeder interface positions are differently related to the machine and the superconductor joints are also different in direction. The principles are as follows: ±8 mm can be allocated in joint axial direction; only ±1 mm are allowed in the joint transverse direction; a positive +5 mm/0 mm needs to be used to make sure the joints can be installed with proper gap when the adjusted shims are used between. At the interface point without superconductor joint connection, ±5 mm is allocated. For the assembly tolerance, the worst case (WC) model and the root-sum-square (RSS) model [17] were designed to be used. If the tolerance analysis on the assembly dimension chain cannot be achieved by the RSS model, the design should be changed. The tolerance is supposed to be indicated in the manufacturing drawings for the actual feeder component production. When it comes to the on-site assembly, the dimension measurement and the measurement uncertainty analysis need to be conducted. It is proposed by IO to use laser tracker machines to take dimension measurement in China and evaluate the uncertainty by the code of JJF1059-1999. 
Conclusions
This paper presents the current models of the feeder design, analyses and manufacturing activities in IO and CNDA. Since the feeder PA was signed in 2011, it is urgent to get the design work done soon and move from the design to the manufacturing stages. From 2013 on, the feeder models are gradually approved and handed over to the suppliers for making fabrication studies and manufacturing drawings. Feeder elements qualification (Phase II) [3] has been started at the end of 2013. The actual production of the feeder system is planned to start at the end of 2014 along with the ITER project DWS [17] , and the feeder assembly was planned to be installed in the ITER tokamak pit in 2016 starting with the PF4 CFT. The feeder's subassembly sets are scheduled to be shipped and installed gradually in up to 5 years.
